From satellite observations the solar total irradiance is known to vary. Sunspot blocking, facular emission, and network emission are three identified causes for the variations. In this paper we examine several different solar indices measured over the past century that are potential proxy measures for the Sun's irradiance. These indices are (1) the equatorial solar rotation rate, (2) the sunspot structure, the decay rate of individual sunspots, and the number of sunspots without umbrae, and (3) 
INTRODUCTION
In the past two centuries, many people have hypothesized that the solar irradiance at the top of the Earth's atmosphere varies. Recent satellite measurements confirm that such variations exist, at least on the timescale of the 11-year solar cycle [e.g., Willson and Hudson, 1991] . Most of the modeling undertaken to date, to understand these secular variations in the solar constant, have been phenomenological, offering proxies which enable the solar constant data to be fit (see, for example, Lean [1991] for a review). Although the models do not answer questions concerning the basic cause of secular solar constant variations, they do allow us to examine the photospheric manifestations of these variations. To date, most of the solar constant secular variations observed (which only includes a timescale on the order of a decade) have been associated with photospheric blemishes (dark sunspots, bright faculae, and bright network). At present, there seem to be very few attempts to understand potential secular trends. Phenomena in the Sun which could lead to irradiance variations on the timescale of decades to centuries were explored by Endal et al. [1985] . One view of active region physics [Schatten and Mayr, 1985, p . 1060] did suggest a positive correlation of solar constant with solar activity when they stated "Thus the (active region) process related with solar activity. Hoyt [1979a Hoyt [ , 1990 , Gilliland [1982] , Friis-Christensen and Lassen [1991] , and others all independently arrived at the conclusion the Sun's irradiance increased from the late 1800s to a peak in the 1930s or 1940s.
In the ideal case a full physical theory, starting from the basic equations for magnetohydrodynamics, could be developed to explain the observations of the above authors. Such a theory, however, is not yet available. Therefore, in section 2, plausible reasons for the relationship of sunspot decay rates, sunspot structure, solar cycle lengths, and other proxy indices will be developed. The basic approach is to show that many of these indices can be related mathematically to sunspot decay rates. Once a relationship to sunspot decay rates is developed, it is deduced that there are changes in convective velocities, convective energy transport, and hence solar irradiance. Five irradiance models will be combined to form a composite solar irradiance model for 1700-
1992.
In section 3 we review various experiments to see if any independent data exist which would support the modeled secular changes in solar irradiance.
Because the model irradiance variations may be of interest to climatologists who are seeking explanations for climatic change, section 4 is devoted to examining the temperature changes on the Earth which may be induced by the changes in solar output. In this regard, we will examine the issue of whether the Earth can be used as a radiometer, which requires that we pay attention to the stability of climate in the absence of external forcing. In the final section we will comment upon the uncertainties in our understanding of the Sun and climate and discuss directions for future research. 
SECULAR IRRADIANCE VARIATIONS CAUSED BY CHANGES IN CONVECTIVE
ENERGY
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where a e , b e , and c e are the limb darkening constants [e.g., Allen, 1976 ]. Cac t is the relative contrast and equals zero in the absence of contrast features such as sunspots and faculae. Expressions for Cac t are given by $chatten [1988] and will not be considered further in this paper. Instead, we are concerned with processes which could lead to changes in a e , b e , or c e and, in particular, are interested in proxy solar indices which would allow long-term secular changes in convective energy transport to be deduced. A hypothetical change in convective energy transport may manifest itself by variations in the solar limb darkening, the equivalent widths of lines, and the bisectors of lines. These diagnostic measurements are limited to the last two decades and discussed in more detail in section 3.2. It is desirable to search for parameters which provide similar information over decades and centuries. Several candidate parameters are available and will be examined here. Since convection and rotation are strongly coupled in the lower convection zone through the Coriolis force, an increase in convection may manifest itself by a change in solar rotation. The theory of solar rotation is not well developed but is discussed in section 2.1. The rate at which sunspots decay can plausibly be argued to be proportional to convective velocities. A change in sunspot decay rate would therefore be a plausible proxy for a change in convective energy transport and solar irradiance. Such changes can be shown mathematically to manifest themselves as changes in sunspot structure since penumbrae of sunspots are more readily destroyed than are their umbra. In addition, the fraction of sunspots consisting of only penumbrae will also change as a result of a change in the sunspot decay rate. Section 2.2 discusses these three effects. An increased convective energy transport may cause more sunspots to appear because of the increased upward transport of magnetic flux tubes. This same increased convection may cause more rapid sunspot destruction and lead to a more rapid decay of the envelope of solar activity and hence shorter solar cycles. Section 2.3 discusses these effects.
Changes in the Equatorial Solar Rotation Rate
Theoretically, a strong coupling between rotation and convection should exist [e.g., Rudiger, 1989] , with rotation generally viewed as being driven by convection, so we start our discussion with a brief look at solar rotation. If a change in solar rotation is observed, a change in convective energy transport can be expected. Rudiger indicates it is safe to make the following three comments: (1) The interaction between convection and rotation is nonlinear; (2) the interactions are strongest in the lower portion of the convection zone; and (3) the rotation tends to occur in disk-shaped isoplanes rather than cylinders. Can a change in solar rotation occur which is not accompanied by a change in convection? Any change in rotation is a persuasive indicator that the deeper levels of convection are varying and hence a variation in luminosity and irradiance is occurring.
Several authors have noted that changes in solar rotation rate occur. Because of the likely strong coupling between solar rotation and convection through the Coriolis force, these authors have argued that solar rotation can be used as a proxy measure of solar irradiance. Sakurai [1977] notes there was an increasing rate of equatorial solar rotation over solar cycles 18 to 20. Eddy et al. [1976] claim that the solar rotation rate during the Maunder minimum was 4% faster than modern values. Hoyt [1990] shows that equatorial solar rotation is high in the late 1800s and decreases to a minimum in the second quarter of the 1900s before increasing in recent years (see Figure 1 ).
Sunspot Structure and Sunspot Decay Rate Variations
Sunspots consist of a dark central region called the umbra which are nearly always surrounded by a less dark penumbra. The sum of the corrected umbral area (U) and the corrected penumbral area (P) gives the corrected whole spot area (W) measured in millionths of the solar hemisphere (MSH). The ratio of the umbra to whole spot areas (U/W) or umbral to penumbral areas (U/P) may be a monitor of conditions in the Sun's convective zone. Previous work on this topic is given by Hoyt [1979a Hoyt [ , b, 1990 Price [1984] , and Nordo [1955] . In the following paragraphs we will show that changes in sunspot structure can be explained by changes in the rate of decay of sunspots. Because sunspot decay rates change over time, the fraction of sunspots consisting only of penumbrae (i.e., penumbral spots) also changes. Unlike sunspot structure for which measurements stop in 1977, the fraction of penumbral spots can be updated to 1989. This proxy index will be the one used in our solar irradiance models. The differences between these two results can be explained, in part, by noting that (6) is based upon sunspots of all types and (5) is based upon the mean of isolated and complex sunspots. From (6) a mean cycle length of 10.7 years for the twentieth century gives a mean sunspot decay rate of 24.9 MSH/d. This seemingly slow decay rate, compared to M-V's results, simply tells us that the average sunspot is more like an isolated sunspot than it is like a complex group. Since minimum to minimum cycle lengths have varied from --•9.9 to 12.1 years over the last century, (6) 
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A Composite Model for Irradiance Variations
In each of the above sections we have discussed how a change in convective energy transport may manifest itself by changes in five solar indices: (1) the fraction of penumbral spots, (2) solar cycle length, (3) equatorial rotation rate, (4) decay rate of the solar cycle, and (5) mean level of solar activity.
All the solar indices which we are proposing as solar irradiance proxies rise from a minimum around 1880 to a maximum in the 1930s. These extremes represent the peakto-peak irradiance variation for the last century which can have only one value. There are several approaches that could be taken to derive the amplitude of the variations. In an earlier study of this problem by Hoyt [1979a] , a peakto-peak amplitude of 0.38% was deduced based upon sunspot structure, sunspot decay, and the mixing length theory for convection. Using the Nimbus 7 observations and Spencer and Christy's [ 1990] temperature record for 1979 to 1990, the Earth climate sensitivity can be estimated as 1.67 øK change for each 1% change is the solar irradiance. For the 0.5 øK rise in temperature from 1880 to 1940 a 0.30% peak-to-peak sensitivity is implied. A 0.30% amplitude also gives the best correlation with climate. Nonetheless, both these numbers seem high, since such a large upward trend would probably manifest itself in the satellite measurements. Lean et al. [1992] In summary, the radiometric measurements do not as yet provide any evidence for a long-term secular variation in solar irradiance except for the discrepancy between the models and satellite measurements in 1980. This lack of evidence is perhaps no surprise since the predicted effect is at or beyond past, and perhaps future, capabilities.
Indirect Measures of Solar Irradiance and Diagnostic Measurements
If there is some change in the convective energy transport with time, there will be a change in the temperature gradient in the photosphere. A temperature gradient change will cause b e and cp (in equation (2) Further evidence for the external forcing of climate changes comes from the study of Ardanuy et al. [1992] . Using the Nimbus 7 Earth Radiation Budget (ERB) and THIRS/TOMS data sets, they show that the Earth' s temperature is stable in the sense that any variation is forced back toward an equilibrium set point. The Earth therefore behaves like a thermostat with a fixed set point. Any long-term drift away from the set point is therefore unlikely. The set point can be altered by changing its value through a change in the composition of the atmosphere (e.g., the greenhouse effect) or by an external forcing (e.g., changes in surface albedo or changes in solar irradiance).
The combined model for solar irradiance seen at the Earth (Figure 9) 
SUMMARY AND DISCUSSION
There is plausible evidence for long-term changes in solar irradiance. Over the last two decades, diagnostic measurements of the equivalent width of lines, the limb darkening of the Sun, and line bisectors all indicate secular changes in solar convection, the photospheric temperature gradient, and solar irradiance are possible. Additional evidence for long-term irradiance changes come from such proxy measures as sunspot structure, sunspot decay rates, the length of solar cycles, the normalized solar cycle decay rate, the equatorial solar rotation rate, and the time rate of change of the solar diameter.
The variations in these indices can plausibly be explained as arising from a common source, namely secular changes in solar convective energy transport or convective velocities. We recognize that such changes fall outside the domain of usual theories of stellar structure, but then all the observed solar variations do so too. Without any consideration of the arguments put forth in this paper, it seems more plausible for all these solar proxies to play some role in the varying solar irradiance than it would be for all these variations to exist with an invariant solar brightness. 
